Abstract: Recent studies have proved that huperzine A (HupA) possesses different pharmacological actions other than the inhibition of hydrolysis of ACh. These noncholinergic roles, for instance, the antagonist effect on NMDA receptor, the protection of neuronal cells against β-amyloid, free radicals, and hypoxia-ischemia-induced injury, could be important too in Alzheimer's disease (AD) treatment. The therapeutic effects of HupA are probably based on a multitarget mechanism. By targeting dual active sites of AChE, a series of bis-and bifunctional HupB compounds with various lengths of tether were designed, synthesized, and tested for the inhibition and selectivity of AChE. The most potent bis-HupB compound exhibited increase by three orders of magnitude in AChE inhibition and two orders of magnitude in selectivity for AChE than its parent HupB.
INTRODUCTION
Millions of years of plant evolution have led to the development of many secondary metabolites with various and unique chemical structures that scientists have not even thought of. So far, less than 20 % of all plant species have been evaluated chemically or biologically. Therefore, medicinal plants remain an important source in the search for new leads, new chemical entities of drugs, and new mechanisms of drug action as well [1, 2] . On earth, there are at least 250 000 species of higher plants. They contain a much greater diversity of bioactive compounds than any chemical library. Many more useful drugs will be found in the plant kingdom if the research projects are conducted in a systematic and logical manner [3] .
Alzheimer's disease (AD) is the most common form of dementia and one of the major diseases affecting elderly people. The cholinergic enhancement strategy has now been one of the major efforts to pharmacologically palliate the cognitive symptoms. To date, the most effective approach has been the use of acetylcholinesterase (AChE) inhibitors, such as tacrine, donepezil, and rivastigmine. In China, huperzine A (HupA) is the first-choice drug in the treatment of AD.
HUPERZINE A
The Lycopodium alkaloid HupA (1) was isolated from a Chinese folk medicine, Huperzia serrata (Thunb.) Trev., by Liu and his coworker in 1986 [4] [5] [6] . This club moss has been used in China for the treatment of contusion, strain, swelling, and schizophrenia. The total alkaloids from this plant could alleviate the symptom of myasthenia gravis.
Occurrence of HupA
(-)-HupA occurs in several plant families such as Huperziaceae, Lycopodiaceae, and Selaginella. From 1995 to 2001, an investigation of the natural resources of the Huperziaceae family in China was carried out to catalog the occurrence, general distribution, and abundance of various species [7] [8] [9] . In the Huperziaceae family, there are two genera, huperzia and phlegmariurus. The yields of HupA in dried herb of Huperzia serrata range from 0.0047 to 0.025 % depending on the collecting seasons and growing regions. In this genus, herteriana, ovatifolia, and serrata species have higher yields of HupA than others. In Phlegmariurus genus, all of the 11 species investigated have much higher contents of HupA than Huperzia plants. The highest contents of HupA were found in carinatus and mingcheensis species [7] .
In H. serrata whole plant, the yield of HupA varied by 33 % throughout the year. Samples collected in October had the highest yield (97.6 µg/g), whereas the lowest yield (64.0 µg/g) was observed in late winter through spring. The yield of HupA also varied dramatically by tissue. The highest yield was found in leaves (111.8 µg/g), whereas the roots and sporangia had much lower levels (24.9 and 37.7 µg/g, respectively). Most recently, Ma et al. have succeeded in propagating Phlegmariurus squarrosus.
The cultured plants may provide a new source of HupA [7] .
Pharmacological and clinical studies of HupA
The anticholinesterase activities of HupA were evaluated in vivo, and significant inhibitions of AChE were observed in the cortex, hippocampus, and striatum in rats. There clearly is a dose-dependent inhibition of AChE in the brain region by HupA. In contrast to donepezil and tacrine, HupA has a higher oral bioavailability [10, 11] .
Studies using microdialysis technique in rats showed that HupA elevated dose-dependently the level of ACh in cortex. (Fig. 1, results shown as mean ± SEM. *P < 0.05, **P < 0.01 vs. baseline.) The time course of cortical AChE inhibition by HupA is positively correlated with the increase of ACh. (Fig. 1 , #P < 0.05, ##P < 0.01 vs. saline control.) According to the doses of inhibitors, HupA was 8-and 2-fold more potent than donepezil and rivastigmine, respectively, in increasing cortical ACh levels with a longer-lasting effect [12] .
The improving effect of HupA in memory deficits is more potent on working memory than on reference memory compared with donepezil and tacrine. This effect may be beneficial in AD treatment, because the cognitive deficits in AD patients are severe for the memory of recent events [13] [14] [15] .
D. BAI
To study the efficacy of HupA on memory and learning performance of students, HupA has been tested in 34 pairs of middle school students complaining of memory inadequacy by using double-blind and matched-pair method. The results of this study exhibited that HupA markedly improved the memory function of adolescent students [11, 17] .
Recent pharmacological studies have proved that HupA possesses different bioactivities other than the inhibition of hydrolysis of ACh. These noncholinergic effects-including the antagonistic effect on NMDA receptor, the protection of neuronal cells against cytotoxicity and apoptosis induced by β-amyloid, free radicals, and hypoxia-ischemia-could also be important in AD treatment [20] .
Interestingly, the neuroprotective effect of HupA is not correlated with its AChE inhibition, suggesting that the therapeutic effect of HupA may be exerted via a multitarget mechanism [11, 18] .
Synthetic studies of HupA
Because of the unique bioactivity and low yields in plants, several groups have devoted intensive efforts to the chemical synthesis of HupA. It possesses the rigid bicyclo [3.3.1]nonene skeleton and fused pyridone ring. The retrosynthetic analysis of this molecule is shown in Scheme 1.
The β-keto ester functionalities in key intermediate 3 would provide not only an activating group for the construction of three-carbon bridged compound 2 by tandem Michael-aldol reaction of 3 and methacrolein, but also the latent groups for the formation of both ethylidene substitution by Wittig reaction and amino group via Curtius rearrangement of the acid from ester 3. Endocyclic double bond may be formed by dehydration of the aldol product. The pyridone ring could be protected as a stable methoxy pyridine. Based on the synthetic strategy in Scheme 1, the total synthesis of racemic and natural (-)-HupA have been accomplished by several groups [18] [19] [20] . The first synthesis of HupA was reported by Ji's group [21] . However, the overall yield of HupA by this approach, especially the yield of dehydration of aldol adduct, is unsatisfactory. In preparation of the key intermediate 3, a four-step approach from readily available dimethyl 4-oxopimelate was developed. The enamine 4 was directly condensed with propynamide to give pyridone 5 with two desirable carbomethoxy side chains. After O-methylation, Dieckmann condensation of diester 6 gave 3 in 39 % overall yield (Scheme 2) [22] [23] [24] .
In order to avoid the low-yielding step of elimination of the aldol product, the palladium-catalyzed bicycloannulation of β-keto ester 3 was reported by Kozikowski's group [25] using tetramethylguanidine as base and 2-methylene-1,3-propanediol diacetate as bis-electrophile in the presence of tetrakis (triphenylphosphine)-palladium(0). The resulting methylene-bridged compound 7 was in 92 % yield. The double-bond migration was pursued with triflic acid, affording endocyclic olefine 9 in 90 % yield. Since the double-bond migration could be performed in the last step, an isomer 8 was obtained. The overall yield of HupA was 40 % from β-keto ester 3 (Scheme 3) [25] . Based on the same stratagy, the stereoselective synthesis of HupA was tested by using different chiral ligands instead of triphenylphosphine. Terashima's group reported that the bridged compound 7 obtained by stereoselective bicycloannulation was in 64 % ee using ferrocenylphosphine (R,S)-10 as the chiral ligand [26] .
It is expected that fine-tuning of the size of the N-substituents of ligand 10 with an appropriate ω-hydroxy chain would induce a favorable effect on the enantioselectivity of the reaction. Therefore, a number of chiral bis(diphenylphosphino)ferrocenyl ligands 11 and 12 were designed, synthesized, and tested for the stereoselective allylic bicycloannulation of β-keto ester 3 with 2-methylene-1, 3-propanediol diacetate. It seems that for the better stereoselectivity of the reaction induced by the chiral ligands 11 and 12, the R 1 alkyl group should be bigger than propyl, and R 2 should be an ω-hydroxypentyl group.
To our delight, a 90 % ee of the bridged compound 7 was obtained by using (R,S)-ferrocenylphosphine 12a and 12b as chiral ligands. With the most efficient chiral ligands 12a and 12b in hand, the chiral nonracemic product 7 was obtained in the desired configuration for the synthesis of natural (-)-HupA (Scheme 3). Consequently, (+)-HupA could also be obtained by (S,R)-12a or 12b as the chiral ligand for the reaction [27] [28] [29] .
Analogs and derivatives of HupA
Many analogs and derivatives of HupA were prepared and tested for their inhibitory activities of AChE. Unfortunately, neither the structurally simplified analogs nor the derivatives from the natural HupA exhibited the anti-AChE potency as HupA itself except 10-methyl HupA and a few of the Schiff bases of (-)-HupA [19, 20, 30] .
ZT-1 is a Schiff base of HupA and 5-chloro-2-hydroxy-3-methoxybenzaldehyde. As a prodrug, it is hydrolyzed nonenzymatically into the active compound HupA. In vitro, the AChE inhibitory activities of ZT-1 and HupA are in the same range. In vivo, a marked dose-dependent inhibition of AChE in brain by ZT-1 was observed in rats, and it was similar to HupA. A study in monkeys showed that ZT-1 reversed the memory deficits induced by scopolamine in young adult and aged monkeys. Phase I clinical studies demonstrated it was safe and well tolerated. The oral bioavailability of ZT-1 was better than HupA. Phase II clinical trials for efficacy assessment in mild and moderate AD patients is now underway in Europe [31] .
HUPERZINE B
Huperzine B (HupB, 13) , the minor alkaloid in the plant H. serrata, is less potent and selective in the inhibition of AChE than HupA. However, it exhibited a higher therapeutic index. In behavioral studies, HupB improved memory retention and memory retrieval in adult and aged mice, and reversed the disruption of memory retention induced by scopolamine, sodium nitrite, electroconvulsive shock, and cycloheximide in mice. Recent studies also indicated that HupB had neuroprotective effect by attenuating hydrogen peroxide-induced injury [32] [33] [34] .
The first synthesis of (±)-HupB was accomplished by Bai's group [35] . The synthetic approach to HupB is straightforward and especially efficient in regard to the construction of the tetracyclic ring skeleton via a tandem Michael addition and intramolecular Mannich cyclization. This approach can also serve in the preparation of analogs of HupB.
Bis-and bifunctional HupB compounds
Based on the homodimer and heterodimer strategy in drug design, Pang et al. [36, 37] reported that bis(7)-tacrine, the heptylene-linked tacrine dimer, possessed both optimal AChE inhibitory potency and selectivity than tacrine itself. Recent studies suggest that AChE inhibitors may simultaneously alleviate cognitive deficits and behave as disease-modifying agents by inhibiting the β-amyloid aggregation through binding to both central catalytic and peripheral active sites of AChE [38] .
It is supposed that a linking chain bearing nitrogen atoms in dimers may favorably interact via cation-π-electron hydrogen bonds with some of the aromatic residues in the active gorge of AChE. The structure-activity relationship (SAR) studies reveal that all O-substituted derivatives of HupA are inactive in AChE inhibition. The X-ray analysis of TcAChE-(-)-HupB complex has also demonstrated that pyridone moiety in HupB is responsible for the key interaction with the catalytic site of the enzyme via hydrogen bonding [39] . Therefore, a series of bis-HupB and bifunctional HupB compounds, which may be able to bind both catalytic and peripheral binding sites of AChE, were thus designed and synthesized [40] . Bis-HupB compounds 14-19 are composed of two HupB moieties linked with each other on the amine nitrogen by carbon-nitrogen chains. In bifunctional HupB compounds 20, one HupB moiety of bis-HupB compounds is replaced by an aryl group.
D. BAI
For the preparation of bis-HupB compounds, HupB was first acylated with chloroacetyl chloride or acryloyl chloride to afford chloroacetyl HupB 21 (96 % yield) and acryloyl HupB 22 (95 % yield), respectively. Reaction of piperazine, homopiperazine, cyclopropyl amine, propylamine, or α,ω-N,N'-dimethylalkanediamines with chloroacetyl HupB 21 proceeded smoothly in acetonitrile in the presence of potassium carbonate and potassium iodide, affording bis-HupB 14a, 14b, 16a, 16b, and 18a-e, respectively. Michael addition of acryloyl HupB 22 and the corresponding amines mentioned above was conducted in acetonitrile, catalyzed by silica gel, furnishing bis-HupB 14c, 14d, and 18f-I, respectively (Scheme 4). Reduction of 14, 16, and 18 with LAH gave the reduced bis-HupB 15, 17, and 19, respectively [40, 41] . All the bis-and bifunctional HupB compounds were tested for their ChE inhibition and selectivity for AChE. In bis-HupB compounds, the most potent one is bis(18)-HupB (18h), and in bifunctional HupB compounds, the most potent is bifunctional(15)-HupB (20f) ( Table 1) . In comparison with HupB, most of the bis-HupB and bifunctional HupB compounds are much more potent in the inhibition of AChE. The most potent ones, 18h and 20f, exhibited increase by three orders of magnitude in AChE inhibition and by two orders of magnitude in selectivity for AChE vs. BuChE than its parent HupB. The length of the tether plays a key role in the inhibition and the selectivity of AChE. The optimal length of the tethers is in a range of 15-18 atoms.
On an equimolar basis, 18h is 3-fold more potent in AChE inhibition than donepezil in mice. No significant difference was observed in AChE inhibition of 18h between oral and intraperitoneal admin- istrations. Mice water-maze studies showed that 18h remarkably improved scopolamine-and ischemiainduced spatial performance deficits. In addition, 18h also attenuated β-amyloid and oxygen-glucose deprivation-induced cytotoxicity and oxidative stress as well as staurosporine-induced apoptosis [42] .
Docking studies of bis (18)-HupB (18h)
In order to explore the possible binding conformation and interaction mode of the bis-HupB compounds with AChE, a molecular modeling study was performed, employing the docking program DOCK4.0 based on the structure of the complex of TcAChE with HupB (PDB entry 1GPN). Since bis(18)-HupB (18h) afforded maximum inhibitory potency, it was selected for docking simulations. Both sp 3 N atoms in 18h were treated as protonated. The central catalytic pocket, peripheral pocket, and the binding gorge were taken as the targets in the docking simulation. In the search for multiple anchors, the TcAChE structure was kept fixed and the bis(18)-HupB (18h) flexible while the maximum-orientations and configurations-per-cycle parameters were set to 600 and 150, respectively [40] .
The docking results demonstrated that one HupB moiety in 18h interacted with TcAChE in the central catalytic pocket near the residue Trp84, and another HupB moiety interacted in the peripheral pocket near the residue Trp279 (Fig. 2) . The binding position and mode of the central catalytic HupB moiety is similar to HupB in the crystal structure of TcAChE-HupB complex (1GPN), having two hydrogen bonds with Tyr130 and hydrophobic interaction with Trp84, Gly118, Gly119, Phe290, Phe330, Phe331, and His440. The other HupB moiety in the peripheral pocket interacted with Asn280 through a hydrogen bond, and with Trp279 and Leu282 via hydrophobic interaction. The long tether could fold with a proper conformation in the gorge that might favorably interact with Tyr70, Asp72, Tyr121, Trp279, Ile287, Phe330, and Tyr334 through hydrophobic interaction (Fig. 2) . The simultaneous interactions of 18h in the central pocket, gorge passage, and peripheral pocket of TcAChE suggest the reason for the high inhibitory potency of AChE. 
CONCLUSIONS
HupA has better penetration through blood-brain barrier, higher oral bioavailability, and longer duration of AChE inhibition in comparison with other well-known AChE inhibitors. Clinical trials have demonstrated that HupA produces significant improvements in memory deficits in aged and AD patients. The HupA-AChE complex has a longer life than other prophylactic sequestering agents, so HupA has now been proposed as a pretreatment drug for organophosphonates nerve agents. In addition, HupA possesses different pharmacological actions other than the inhibition of hydrolysis of ACh. These noncholinergic roles-for instance, the antagonist effect on NMDA receptor, the protection of neuronal cells against β-amyloid, free radicals, and hypoxia-ischemia-induced injury-could be important too in AD treatment.
The therapeutic effects of HupA are probably based on a multitarget mechanism. Studies on the interactions between AChE and bis-HupB or bifunctional HupB compounds at the atomic level by molecular docking methods and X-ray crystallographic analysis are valuable for designing new ChE inhibitors with improved therapeutic profiles for AD treatment.
